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ERαLoading-related changes in gene expression in resident cells in the tibia of female mice in the contexts of
normality (WT), estrogen deﬁciency (WT-OVX), absence of estrogen receptor α (ERα−/−) and disuse due to
sciatic neurectomy (WT-SN) were established by microarray. Total RNA was extracted from loaded and
contra-lateral non-loaded tibiae at selected time points after a single, short period of dynamic loading
sufﬁcient to engender an osteogenic response. There were marked changes in the expression of many genes
according to context as well as in response to loading within those contexts. In WT mice at 3, 8, 12 and 24 h
after loading the expression of 642, 341, 171 and 24 genes, respectively, were differentially regulated
compared with contra-lateral bones which were not loaded. Only a few of the genes differentially regulated
by loading in the tibiae of WT mice have recognized roles in bone metabolism or have been linked previously
to osteogenesis (Opn, Sost, Esr1, Tgfb1, Lrp1, Ostn, Timp, Mmp, Ctgf, Postn and Irs1, BMP and DLX5). The
canonical pathways showing the greatest loading-related regulation were those involving pyruvate
metabolism, mitochondrial dysfunction, calcium-induced apoptosis, glycolysis/gluconeogenesis, aryl
hydrocarbon receptor and oxidative phosphorylation. In the tibiae from WT-OVX, ERα−/− and WT-SN
mice, 440, 439 and 987 genes respectively were differentially regulated by context alone compared to WT.
The early response to loading in tibiae of WT-OVX mice involved differential regulation compared to their
contra-lateral non-loaded pair of fewer genes than in WT, more down-regulation than up-regulation and a
later response. This was shared by WT-SN. In tibiae of ERα−/− mice, the number of genes differentially
regulated by loading was markedly reduced at all time points.
These data indicate that in resident bone cells, both basal and loading-related gene expression is
substantially modiﬁed by context. Many of the genes differentially regulated by the earliest loading-related
response were primarily involved in energy metabolism and were not speciﬁc to bone.
© 2009 Elsevier Inc. Open access under CC BY license.Introduction
The observation that bone mass and architecture are profoundly
inﬂuenced by their loading experience to produce structures
apparently better suited to resist such loading without damage is
one of the oldest in modern biology [1,2]. Paradoxically the clinical
signiﬁcance of the relationship in humans increases as, in afﬂuent
Western societies at least, habitual exposure of the skeleton to
substantial load bearing declines. One correlate of this decline, which
may indeed be partially a consequence, is the increasing incidence of
fractures resulting from skeletal fragility [3,4].
Skeletal architecture is the product over time of coordinated
activity of populations of cells which form and resorb bone
(osteoblasts and osteoclasts respectively). The osteoblast population, UK.
 license.(and their derivates the osteocytes) reside in close proximity to the
matrixwhich is responsible for carrying functional loads. The stimulus
used by this population of cells to control structurally appropriate
modeling and remodeling of their matrix is assumed to be derived
from the strains that functional load-bearing engenders [5,6]. Despite
the importance of this relationship themechanisms bywhich resident
bone cells transduce mechanical information into biochemical
responses and then process it into signals controlling the modeling
and remodeling behaviour of osteocytes, osteoblasts and osteoclasts,
is obscure.
Mechanical loading is not the only stimulus to which bone cells
respond since they are exposed to all the other nutritional, endocrine,
paracrine and autocrine stimuli inherent to their situation in vivo.
They are particularly responsive to estrogen, to an extent that seems
unnecessary for the discharge of this hormone's primarily reproduc-
tive responsibilities. Associated with this responsiveness, there is a
rapid loss of bone in women at the time of estrogen withdrawal at the
menopause. The level of bone loss in women at the menopause and
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both men and women are substantially related to their levels of bio-
available estrogen [7–10]. Despite recognition of this association, the
mechanisms bywhich reduction in circulating estrogen levels account
for this bone loss have never been satisfactorily explained. In contrast
the estrogen receptor (ER), speciﬁcally ERα, has been shown to be
involved in bone cells' early responses to strain both in vitro [11–13]
and in vivo [14]. In humans, genetic variation in ERα is associated with
different responses to load-bearing exercise [15,16]. ERα is also one of
the genes in which variation is associated with the severity of
osteoporosis [17]. In mice when ERα is absent the adaptive response
to artiﬁcial loading in vivo is attenuated [14]. The levels of ERα in
osteoblasts and osteocytes are regulated by estrogen but not by strain
[18] so the down-regulation of ERα associated with low levels of
estrogen may reduce the effectiveness of bone cells' ERα-mediated
responses to strain [19,20]. This would allow reduction of bone mass
with its associated increases in fragility, functional strains and fracture
incidence.
Although these studies provide a possible explanation for how the
reduced effectiveness of bone cells' osteogenic response to bone
loading could be associated with estrogen-related decline in ERα, the
underlying cellular and molecular mechanisms remain to be eluci-
dated. Microarray technology provides a means to examine simulta-
neously the gene expression of the entire transcriptome in a single
sample of bone. In this article, we describe experiments designed to
establish the pattern of gene expression in resident cells of the tibia of
normal female wild-type (WT) mice following a single period of in
vivo loading with demonstrated capacity to stimulate osteogenesis.
The pattern of gene expression following such a single period of
“osteogenic” loading should be the gene regulation “signature” of the
stimulus for the osteogenic response. To establish that “signature”, we
compared the pattern of gene expression in bones that had recently
experienced a single, short period of artiﬁcial loading with that from
their contra-lateral controls that were only exposed to habitual,
natural loading.
We then established the differences from this “signature” arising
from three relevant contexts: estrogen deﬁciency, lack of ERα and
disuse. Estrogen deﬁciency and disuse were achieved in WT C57BL/6
mice by ovariectomy (WT-OVX) and unilateral sciatic neurectomy
(WT-SN), respectively. Absence of ERαwas achieved by using an ERα
knockout mouse on a C57BL/6 genetic background [21].
Materials and methods
Experimental animals
Female C57BL/6 (WT) mice were purchased from Charles River
Laboratories (Margate, Kent, UK). Ovariectomy and sciatic neurect-
omy were performed on WT mice at 11 weeks of age. ERα null
mutant mice (ERα−/−) [21] were a gift from Ken Korach. The model
was created by targeting ERα gene in ET12TG2a ES cells and injecting
the targeted cells into C57BL/6 blastocytes. Resultant chimeras
were backcrossed to C57BL/6 for 10 generations. The poor breeding
performance of the ERα−/− mice meant that we were unable to use
extensive backcrossing to ensure that the two breeding populations
were maintained as genetically similar as possible. Thus, it must be
remembered that differences in gene regulation between these
two populations could be contributed to by genetic drift as well as
the presence or absence of ERα. All experiments were approved
by the Royal Veterinary College's ethics committee and by the UK
Home Ofﬁce.
Mechanical loading of the mouse tibia in vivo
To ﬁrstly establish the osteogenic response of a single loading
session, the right tibiae of six female WT mice were exposed to asingle period of loading in sine wave form producing a peak strain
of −1300 microstrain at a frequency of 2 Hz for 30 s (60 cycles).
The contra-lateral limb was not loaded and served as an internal
control. The apparatus and protocol for dynamically loading
the mouse tibia were essentially the same as reported previously
[22, 23].
Bone formation was assessed from the distribution of two calcein
labels (7 mg/kg; Sigma-Aldrich Company Ltd., Gillingham, UK)
injected intraperitoneally on the day of loading and 48 h later. Mice
were euthanized on the 4th day after loading. The tibiae from these
animals were processed as described earlier [24]. The calcein labels
were read using a laser scanning confocal microscope (Carl Zeiss
MicroImaging, GmbH, Gena, Germany).
In the non-loaded control tibiae of the six WT mice, the cross-
sectional area of bone deposited in the 48 h between the two labels at
37% along the bone shafts from theproximal endof the tibiawas 588±
124 μm2. In the contra-lateral tibiae of thesemice,whichwere exposed
to a single period of dynamic axial loading, the area of new bone at the
same site was 873±127 μm2; a statistically signiﬁcant increase of 48
percent (pb0.05).
For the microarray experiment, the right tibiae of 15-week-old
female WT (n=32), ovariectomized (WT-OVX, n= 32), neurecto-
mized (WT-SN, n= 40) and ERα−/− mice (n= 24) were sub-
jected to a single period of dynamic axial load using a hydraulic
actuator under feedback control (Dartec HC10, Zwick Testing
Machines Ltd., Leominster, UK). The load was applied during this
single period of loading in a sine waveform, at a frequency of
2 Hz for 30 s (60 cycles). The peak load magnitude for each group
was adjusted to produce a peak compressive strain of −1300
microstrain measured by longitudinally aligned strain gauges
attached to the medial mid-shaft of separate “calibration” mice.
For WT and ERα−/− mice, the peak load necessary to achieve a
peak strain of −1300 microstrain was 12 N and for the WT-OVX
and WT-SN mice 8 N.
In the WT-SN group, a separate group of mice were sciatic
neurectomized and the tibiae in their neurectomized hindlimbs used
as non-loaded controls. In the other groups (WT, WT-OVX and ERα−/
−), the contra-lateral limb was not loaded and this served as an
internal control. In every case, mice whose tibiae were to be loaded
were anesthetized with halothane for approximately 3 min during
which loading took place. They were allowed to recover immediately
after loading. Eight animals were sacriﬁced at each time point of 3, 8,
12 and 24 h after loading except for mice in the ERα−/− group where
shortage of animals meant that sampling at only 3, 8 and 24 h was
possible.
A recent report by Sample et al. [25] suggests that vigorous loading
of the rat ulna on one side produces regional and systemic changes in
remodeling of adjacent bones and those in the contra-lateral limb. To
conﬁrm that this was not the case in our experiments, we have
compared the remodeling in left and right non-loaded bones of mice
to that in bones contra-lateral to those which have been loaded. We
detect no difference in the remodeling in these contra-lateral bones
from that in either left or right bones in individuals that have
experienced no loading [26]. From this we are conﬁdent that in our
experiments the (re)modeling response to loading and the changes in
gene expression that precede and control it are conﬁned to the bone
actually loaded. Thus, the use of the non-loaded contra-lateral bone as
a control is valid.
Total RNA isolation from mouse bones
The right and left tibiae were carefully dissected and all their
surrounding musculature removed leaving the periosteum intact. The
cartilaginous ends of the bones were removed and the remaining tibial
shaft spun at 5000 rpm for 2min (Eppendorf centrifuge) to remove the
marrow. The tibial shafts were then snap-frozen in liquid nitrogen,
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Qiazol lysis reagent (Qiagen Ltd., Crawley, UK). Total RNA from these
lysed samples was puriﬁed and DNase treated using RNeasy Mini Kit
(Qiagen) according to the manufacturer's protocol. The quantity and
the integrity of the puriﬁed RNA was assessed using the Agilent RNA
Bioanalyzer (Agilent Technologies UK Limited, Stockport, UK).
cDNA preparation
Double-stranded cDNA was synthesised from the tibial shaft-
derived total RNA (1 μg) using a SMART protocol (Clontech-Takara Bio
Europe, 78100 Saint-Germain-en-Laye, France) [27]. Two microliters
of this ﬁrst strand reaction was used in the ampliﬁcation step which
was performed using 17 rounds of cycling. The double-stranded cDNA
was checked on a 1.2% agarose gel before the samples were puriﬁed
using QIAquick clean up columns (Qiagen). The amount of cDNA
ampliﬁed was then checked using the NanoDrop ND1000 spectro-
photometer (Labtech International, Ringmer, East Sussex, UK). For the
reference cDNA, a pool containing 1 μg of each of the individual RNA
samples was used. This RNA pool was then used to prepare cDNA
using the SMART protocol (as above). The cDNA from the second
strand reactions were then pooled, thus ensuring that the same
reference cDNAwas used in every hybridization. A common reference
design scheme enabled any sample to be compared with any of the
other samples.
cDNA labelling and microarray hybridization and scanning
Using the Bioprime labelling kits (Invitrogen Ltd., Paisley, UK),
750 ng of puriﬁed cDNA was labelled by incorporating 2 μl of Cye
dye (GE Healthcare, Little Chalfont, Bucks, UK). After incubating for
3 h at 37 °C, the labels were puriﬁed using ProbeQuant G50 micro
columns (GE Healthcare). Incorporation rates were determined
using a NanoDrop ND1000 spectrometer before speciﬁc labels were
pooled and dried down to completion. The labels were re-
suspended in 40 μl of hybridization buffer (40% deionised
formamide; 5× Denhart's; 5× SSC; 1 mM Na pyrophosphate;
50 mM Tris pH 7.4; 0.1% SDS) and hybridized onto an RNG-MRC
mouse set 25K microarray printed on GE Codelink slide (http://
www.har.mrc.ac.uk/services/MPC/microarray/), overnight at 48 °C
in a water bath using the Corning hybridization chambers. Three
replicate hybridizations were performed for each sample. After
hybridization, the arrays were washed initially in 2× SSC until the
coverslip had comeoff, then for 5minwithvigorous shaking in0.1×SSC,
0.1% SDS and ﬁnally in 0.1× SSC for 2minwith further vigorous shaking.
The arrays were then spun dry and scanned using a ProScanArray HT
(PerkinElmer,Maidenhead,UK) at 7 different photomultiplicator (PMT)
gain settings from 40 to 70. The images were then processed using
ImaGene 6.0.1 (Bio Discovery, El Segundo, CA, USA).
Analysis of microarray
Global gene expression was examined in 27 different RNA pools
from loaded and corresponding non-loaded mouse tibiae as well as a
reference pool (containing 1 μg of each of the individual 27 RNA
samples) using an oligonucleotide array consisting of 25,000 target
genes. The scanned images were processed using ImaGene 6.0.1
(BioDiscovery, PerkinElmer), where all images from a single array
were overlaid and gridded and the feature data extracted. These data
were then further processed using Mavi 2.6.0 (MWG Biotech AG,
Ebersberg, Germany), which increases the dynamic range while
avoiding saturation problems. The software performs a linear
regression analysis on each gene across the increasing PMT gains to
detect any saturation or degradation of signal and returns the value at
a set PMT for all genes, giving a single data set from the 7 multi-gain
sets for each array. The data were then loaded into R Project forStatistical Computing (http://www.r-project.org) for further analy-
sis. A two-dimensional loess normalization, from the YASMA5 (Yet
Another Statistical Microarray Analysis) library, was performed on
each array to correct for any spatial variation within the slide. The
LIMMA [28] library (Linear Model for Microarray Analysis) from the
BioConductor (http://www.bioconductor.org) software project was
used further to normalize the data and to select differentially
expressed genes. In brief, a linear model is ﬁtted to the data for
each gene to fully model the systematic part of the data and provide
estimates for each coefﬁcient (samples in this case). These coefﬁcients
can then be compared and differentially expressed genes selected
using an empirical Bayes moderated t-statistic. Data were loaded into
LIMMA and control spots were zero-weighted, so the slides were
normalized within slide using loess and then normalized across the
slide using a quantile normalization only on the reference sample for
each array [29]. Each arraywas then given aweight based on howwell
it ﬁts the linear model. This was then used during the model ﬁtting
stage [30]. A contrast matrix comparing every sample to every other
sample was ﬁtted to allow all possible comparisons to be made.
Differential genes were selected for the comparisons of interest based
on their moderated t-statistic [31] after using a false discovery rate
control of 5% [32]. Fitted values for each sample were then loaded into
GeneSpring GX (Agilent Technologies, Stockport, UK) to allow for easy
comparison of lists of differential genes. These lists were further
ﬁltered using a Grubbs Test to remove genes with high variance in the
control replicates.
Bioinformatic analysis of differentially expressed genes
Weused Ingenuity Pathways Analysis (IPA, http://www.ingenuity.
com) to arrange the gene expression data according to complexes,
canonical signaling pathways and networks. To do this, we uploaded
the data of genes differentially expressed by context into IPA and
mapped these data to their corresponding genes in the Ingenuity
knowledge base. The canonical pathway analysis identiﬁed the path-
ways from the IPA library that were most signiﬁcant to each data set.
The p-value, evaluated using the right-tailed Fisher's exact test, of each
pathway was calculated by comparing the number of user speciﬁed
genes of interest (i.e., differentially regulated genes) that participated
in a given pathway relative to the total number of occurrences of these
genes in all pathway annotations stored in the Ingenuity knowledge
base. The functional analysis identiﬁed functions that were most
signiﬁcant to the data set. Heat map visualization of clusters formed
was generated by using CLADIST (Integrated Cluster and Interaction
and Transcriptional Networks Analysis Tool) developed by LICR-
Bioinformatics Group. CLADIST is available at http://pstiing.licr.org/).
Hierarchical clustering analysis was done in Euclidean distance by
average linkage method.
Quantitative real-time RT-PCR
For validation of microarray data, quantitative real-time RT-PCR
(qRT-PCR) was used to measure changes in expression of selected
genes. One microgram of the total RNA from loaded and control tibiae
was reverse transcribed with Superscript II Reverse Transcriptase
(Invitrogen). Primer sequences, the positions in the coding region, the
expected qRT-PCR products and the accession number for the genes of
interest and the housekeeping gene are summarized in Table 1.
QuantiTect SYBR Green PCR kit (Qiagen) and Opticon 2 Lightcycler
(MJ Research, Waltham, MA, USA) were used to perform qRT-PCR. A
standard curve was constructed for each gene of interest and the
housekeeping gene and these standards were included in each run.
Standards were run in duplicates and samples in triplicates. Samples
of unknown concentration were quantiﬁed relative to their standard
curve. Gene expression levels were normalized to the housekeeping
gene β-actin (Actb).
Table 1
Quantitative real-time RT-PCR primer sequences (5′→3′).
Gene Sequence (forward) Sequence (reverse) Position Length (bp) Accession no.
Ankrd1 TGAATGAAGCAACAGAAGG ACCAAACCGAACCAAATC 1451–1557 107 NM_014468
Bnip3 TCATTAAAGGGTTTTCCCCAAAGG GCTTCTACTTGCTACTCAGTTCAC 1080–1207 128 NM_009760
Ctgf CAAACTCCAAACACCATAGG AATCTGACTTCCAATACATAGC 2034–2178 145 NM_010217
Esr1 ACCATTGACAAGAACCGGAG CCTGAAGCACCCATTTCATT 875–1044 170 NM_007956
Hist4h4 CATCTCGGGTCTCATCTAC ATAGCCGTAACCGTCTTG 138–254 117 NM_175652
Irs1 GTTCATAATACTAGACACTGTTGG CTTCTCGGAGGCAATGTATG 5666–5787 122 NM_010570
Itga4 CAGACAACTACAGGGCAATG GCAATACAGGAGTCTCTTATCAG 2771–2905 135 NM_010576
Myf6 CTCAGCCTCCAGCAGTCTTC GTTACTTCTCCACCACCTCCTC 655–755 101 NM_008657
Ndufa11 CCTCTTGCCTCCATCTACC ACCTAGCCTAGTTCCACATAG 2824–2939 116 BC053075
Pkm2 AACGCTTGTAGTGCTCAC AGTCCTGCATTCCTCCTC 1719–1864 146 NM_011099
Postn ACCCAAAGCACACAGTTACC AATTTAGCAGGAAACCCACATTG 2410–2522 130 NM_008904
Ppargc1a ATTCCACCAAGAGCAAGTAT CGCTGTCCCATGAGGTATT 2816–2956 141 NM_015784
Sost GAGAGAGCGTTTGTAACAGAAG GGCTTTCAGTCTTTGTGGATG 1773–1878 106 NM_024449
Strn GACGGCACTCTTCGCTTATG CCTTGCTGAACGATGCTACC 1841–1982 142 NM_011500
Timp1 CATCCTCTTGTTGCTATCAC GCTGGTATAAGGTGGTCTC 197–345 149 NM_011593
Ttn ACTGGATGTGGCTGATGTC CGATGTAGTTGGTGACCTTG 93697–93715 128 NM_011652
Actb CTATGAGCTGCCTGACGGTC AGTTTCATGGATGCCACAGG 798–893 114 BC063166
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In addition to the statistical analysis described in the bioinformatics
methods section, the signiﬁcance of differences in inter-label areas
between non-loaded and loaded groups was determined by using
paired Student's t-test. Results were considered signiﬁcant at pb 0.05.
Results
The effect of context on gene expression
The number of genes differentially regulated
Comparison of the numbers of genes differentially expressed in
non-loaded tibiae of the WT with those in the other groups, using
GenBank accession number as the unique identiﬁer, showed differ-
ential regulation in a large number of genes according to context. The
number of genes and their overlap in relation to context is shown in
Fig. 1A. In the tibiae from WT-SN mice, 987 (694+172+70+51)Fig. 1. Effect of context on gene expression in non-loaded mouse tibia at the 3-h time point.
OVX, ERα−/− and WT-SN mice backgrounds in comparison to WT mice tibiae. Total RNA w
brackets, beneath the treatment group name, represent the total number of genes different
most signiﬁcant to each set of these differentially expressed genes in tibiae from WT-OVX
software. The canonical pathways shown are ranked with the most signiﬁcant pathway head
in the methods (⁎pb 0.05, ⁎⁎pb 0.01 and ⁎⁎⁎pb 0.001). The number of genes up- and downgenes were differentially expressed compared to WT, in the tibiae
from WT-OVX mice 440 (292+51+70+27) and in those from
ERα−/− mice 439 (170+172+70+27) (Fig. 1A). Complete lists
showing the effect of context (WT-OVX, ERα−/− and WT-SN) on
differential gene expression are provided in the data (Table CL1)
posted at the Royal Veterinary College website (http://www.rvc.ac.
uk/ﬁles/zaman2009microarraystudy).
Of the 440 genes differentially regulated by OVX, the 1.6-fold
increase in ERα (Esr1) mRNA levels is of particular interest (Table S1).
It agreeswith previous ﬁndings in trabecular bonewhere ovariectomy
was shown to reduce levels of ERα protein but elevate ERα mRNA
[33]. In our present study, OVX resulted in reduced expression levels
of some genes previously associated with bone cells (integrin-alpha 1
(Itga1, −2.1-fold), Itga4 (−2.0-fold), heme oxygenase-1 (Hmox1,
−1.8-fold) and transforming growth factor beta 1 (Tgfb1,−1.9-fold))
and others (nobox oogenesis homeobox (Nobox,−7.8-fold) and titin
(Ttn, −2.4-fold)). Expression of the genes for insulin receptor
substrate-1 (Irs1), creb-binding protein (Crebbp) and bone morpho-(A) A Venn diagram of the number of differentially expressed genes in tibiae fromWT-
as extracted from the non-loaded mouse tibiae at the 3-h time point. The numbers in
ially regulated in that group in comparison to WT mice tibiae. (B) Canonical pathways
, ERα−/− and WT-SN mouse backgrounds as analyzed by Ingenuity Pathway Analysis
ing the list in each context. The signiﬁcance is based on a Fisher's exact test as described
-regulated in each canonical pathway within each context are also illustrated.
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mice (2.6-, 2.1- and 1.6-fold, respectively).
Of the 439 genes differentially regulated in the tibiae of ERα−/−
mice, a number of genes required for differentiation of adipocytes and
the subsequent maintenance of their phenotype were up-regulated
(CCAAT/enhancer-binding protein (Cebpd, 1.4-fold), acyl-coenzyme
oxidase 1(Acox1, 1.9-fold) and fatty acid-binding protein 3 (Fabp3,
2.1-fold)) (Table S2) as were striatin (Strn, 10.1-fold), peroxisome
proliferative activated receptor gamma coactivator 1 alpha (Ppargc1a,
2.1-fold), myocyte enhancing factor-2a isoform 1 (Mef2a, 1.8-fold),
integrin-beta 6 (Itgb6, 2.1-fold), integrin-beta 4 (Itgb4, 1.6-fold),
myogenic factor 6 (Myf6, 2.9-fold), connective tissue growth factor
(Ctgf, 2.0-fold), Ttn (1.7-fold), osteocrin (Ostn, 1.7-fold), caveolin-1
(Cav1, 1.7-fold), Cav2 (1.7-fold) and Cav3 (1.5-fold). Among the
genes which were down-regulated were low-density lipoprotein
receptor-related protein 5 (Lrp5, −1.8-fold), acid phosphatase 5,
tartrate resistant (Acp5, −1.7-fold) and Tgfb1 (−1.8-fold).
Sciatic neurectomywas associated with up-regulation of a number
of genes associated with Wnt/β-catenin signaling (Lrp1, 1.8-fold),
Lrp4 (1.8-fold), Wnt-inducible signaling protein 1 (Wisp1, 1.7-fold),
Wisp2 (2.2-fold), secreted frizzled-related protein 1 (Sfrp1, 2.2-fold),
Sfrp2 (1.8-fold), Sfrp4 (2.0-fold) and dickkopf-3 (Dkk3, 1.7-fold)
(Table S3). Other genes of interest up-regulated in WT-SN mouse
tibiae include insulin-like growth factor II receptor (Igf2r, 2.4-fold),
Ctgf (1.7-fold), growth differentiation factor 10 (Gdf10, 1.5-fold),
ﬁbroblast growth factor 8 (Fgf8, 1.5-fold), ERα (Esr1, 1.8-fold), early
growth response 1 (Egr1, 2.2-fold), Myf6 (7.4-fold), periostin (Postn,
2.4-fold), ankyrin repeat domain 1 (Ankrd1, 7.6-fold), Ostn (1.7-fold),
osteoglycin (Ogn, 2.5-fold), distal-less homeobox 5 (Dlx5, 1.8-fold),
integrin-beta 4 (Itgb4, 1.8-fold), tenascin (Tnn, 2.1-fold) and Bcl-2/
E1B 19-kDa interacting protein 3 (Bnip3, 2.1-fold). Five genes coding
formatrixmetalloproteinases (MMPs)were also up-regulated. A large
number of genes involved in adhesion were markedly up-regulated in
the tibiae of WT-SN animals including ﬁbronectin 1 (Fn1, 4.0), Postn
(2.4-fold), Itgb4 (2.0-fold), Tnn (1.8-fold), ﬁbulin 2 (Fbln2, 3.0-fold),
laminin-alpha 4 (Lama4, 2.4-fold), lambin-beta 1, subunit 1 (Lamb1-1,
2.4-fold), glycoprotein 38 (Gp38 (4.0-fold) and thrombospondin
2 (Thbs2, 3.1-fold). Down-regulated genes in this group includeFig. 2. Time course of differentially expressed genes in response to loading tibiae in mice ac
and 24 h in tibiae from WT, WT-OVX and WT-SN mice and 3, 8 and 24 h in tibiae from ERα
loaded controls.histone cluster4, h4 (Hist4h4, −3.6-fold), Tgfb1 (−2.0-fold), inter-
leukin 16 (Il16,−1.7-fold)) interleukin receptor, type 2 (Il1r2,−1.6-
fold), interleukin 17 receptor E (Il17re, −1.6-fold) and interleukin 1
receptor accessory protein (Il1rap, −2.2-fold).
Only 70 of these context-dependent genes were common to all
three groups (16% of ERα−/−, 16% of WT-OVX and 7% of WT-SN
mice). Of the genes differentially expressed in tibiae from ERα−/−
mice, 70+172 genes (55%) shared their identity with those in the
WT-SN tibiae whereas only 70+27 (22%) were common to the WT-
OVX group. A group of 51 genes were common to the WT-OVX and
WT-SN groups but not those in the ERα−/− group.
Of the genes differentially regulated by context compared to WT,
the majority (76%) of the 172 genes common to ERα−/− and WT-SN
tibiaewere up-regulated. Interestingly, a number of geneswhichwere
up-regulated in the tibiae from ERα−/− mice were also up-regulated
in those fromWT-SNmice. In contrast, in comparison to theWT, of the
27 genes differentially expressed in tibiae from ERα−/− andWT-OVX
mice, the majority were down-regulated (ERα−/− 59% and WT-OVX
78%). Of the 51 genes common to WT-OVX and WT-SN, the majority
were down-regulated in both groups (69% and 65%, respectively). The
majority of the 70 genes common to ERα−/−, WT-OVX and WT-SN
tibiae were down-regulated (69%, 79% and 69%, respectively).
Canonical pathway analysis of genes transcriptionally regulated by
context alone (WT-OVX, ERα−/− and WT-SN)
Having identiﬁed the genes differentially regulated by context we
used IPA software to identify canonical pathways that are signiﬁcantly
over-represented among them. This software utilizes a knowledge
base of more than 1,000,000 functional and physical interactions for
more than 23,900 mammalian genes.
Canonical pathways analysis identiﬁed 7 pathways from the
Ingenuity Pathways Analysis library of canonical pathways that
were most signiﬁcant to the WT-OVX context (Fig. 1B). The genes
for both alpha integrins (Itga1 and Itga4) were down-regulated in the
integrin signaling pathway. Interestingly, genes that mapped to
mitochondrial dysfunction (8 genes), oxidative phosphorylation (6
genes) and glutathione metabolism (4 genes) in WT-OVX were all
down-regulated in each pathway.cording to context. The number of genes differentially up or down-regulated at 3, 8, 12
−/− mice after a single period of in vivo loading compared to their contra-lateral, non-
Fig. 3. Heat maps of identiﬁed genes differentially expressed by loading according to context (A=WT, B=WT-OVX, C=WT-SN and D=ERα–/–). Heat map visualization of clusters formed was generated by using CLADIST. Hierarchical
clustering analysis was done in Euclidean distance by average linkagemethod. Genes are colored based on their fold expression level. Red indicates up-regulation while blue indicates down-regulation of genes at each time point after loading.
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include those associated with mitochondrial dysfunction and aryl
hydrocarbon receptor from the canonical signaling pathway and
oxidative phosphorylation, ubiquinone biosynthesis, propanoate
metabolism, glycolysis/gluconeogenesis, fatty acid metabolism and
citrate cycle from the metabolic pathway. In contrast to the situation
in tibiae from WT-OVX mice, 15 of the 16 genes associated with
mitochondrial dysfunction and 14 of the 15 genes associated with
oxidative phosphorylation pathway in the ERα−/− mice were up-
regulated, as were all the differentially expressed genes associated
with the citrate cycle and propanoate metabolism.
In tibiae fromWT-SNmice, the canonical signaling pathwaywhich
showed the most signiﬁcant differential regulation was the hepatic
stellate cell activation pathway (p=2.0×10−5) which involves
platelet-derived growth factor (Pdgf), Tgfb1, Il1 and tumor necrosis
factor (Tnf) genes. Mitochondrial dysfunction (p= 5.69×10−3) and
oxidative phosphorylation (p= 1.17×10−2) pathways were also
signiﬁcantly altered in WT-SN. Twelve out of 15 genes in the former
and 13 out of 14 genes in the latter pathway were up-regulated.
The effect of loading
The number of genes differentially regulated by loading according
to context
Fig. 2 illustrates the numbers of genes up- and down-regulated
with loading in each context and Figs. 3A–D show the identity and a
color indication of the degree of loading-related differential regulation
of identiﬁed genes according to context. Complete lists of differen-
tially regulated genes at all four time points after loading tibiae from
WT mice (Table CL2) are posted at the Royal Veterinary College
website (http://www.rvc.ac.uk/ﬁles/zaman2009microarraystudy).
In the tibiae of WT mice at 3, 8, 12 and 24 h after loading, there
were 642 (324 up-regulated vs. 318 down-regulated), 341 (213 up-
regulated vs. 128 down-regulated), 171 (102 up-regulated vs. 69down-regulated) and 24 (18 up-regulated vs. 6 down-regulated)
genes differentially regulated, respectively, compared with their non-
loaded contra-lateral controls (Fig. 2). The largest impact of loading in
terms of the number of genes differentially regulatedwas at 3 hwith a
gradual reduction at 8 and 12 h. In comparison, very few genes were
differentially regulated by loading at 24 h. More genes were up-
regulated than down-regulated at each time point after loading.
The earliest loading-related response in WT mouse tibiae involved
differential up-regulation of a number of bone-related genes
(osteopontin (Spp1, 2.0-fold), Postn (2.8-fold), Ostn (2.4-fold), Dlx5
(1.8-fold), Bmp4 (1.5-fold), Bmp10 (1.5-fold), sclerostin (Sost, 1.6-
fold), tissue inhibitor of metalloproteinase 1 (Timp1, 2.1-fold), Timp2
(1.7-fold), connective tissue growth factor (Ctgf, 1.5-fold) and Esr1
(1.7-fold)) (Fig. 3A, Table S4). There was also increased expression of
caveolins (Cav1, 1.8-fold and Cav2, 1.6-fold) which are known to be
coupled to integrin mediated mechano-transduction through the
formation of focal adhesions [34,35]. A number of adhesion molecule
coding genes were also up-regulated (Tnn (2.4-fold), Spp1 (2.0-fold),
Postn (2.8-fold), integrin-binding sialoprotein (Ibsp, 1.7-fold) and
cadherin 11 (Cdh11, 1.6-fold)). Titin mRNA expression was up-
regulated at 3 h after loading (2.1-fold) with small changes in its
expression at other time points (−1.3-, −1.4- and 1.4-fold at 8, 12
and 24 h, respectively). Interestingly not only Timps but also MMPs
genes were also up-regulated (Mmp13 andMmp23 (1.8- and 1.6-fold,
respectively)). Wisp1 (1.7-fold) and platelet-derived growth factor c
polypeptide (Pdgfc, 1.8-fold) genes were up-regulated while Tgfb1
(−2.1-fold) was down-regulated. Axonemal dynein light chain
homolog (Dnali1) showed the highest expression level (11.0-fold)
at 3 h in response to loading.
In WT tibiae, the expression of Wiskott–Aldrich syndrome protein
interacting protein (Waspip), which is known to be involved in actin
polymerization, was up-regulated by more than ﬁfty-fold at 8 h after
loading (Table S5). The earlier up-regulation of Ctgf expression was
reversed at this time (−1.6-fold), but the expression of other growth
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(Tuft1) was up-regulated (1.5-, 1.7-, 2.3-, 1.6- and 1.6-fold, respec-
tively). While the expression of the anti-apoptotic gene Bcl2-like 1
(Bcl2l1) gene was up-regulated (1.8-fold) at 8 h, the expression of
Bnip3 which is pro-apoptotic was down-regulated (−1.6-fold).
In tibiae from WT mice, the most noticeable down-regulation in
Sost expression was observed at the 12-h time point after loading
(−2.0-fold) (Fig. 3A, Table S6). This was accompanied by relatively
smaller changes in its expression at 3, 8 and 24 h after loading (1.6-,
−1.3- and 1.5-fold, respectively). The expression of Irs1, Ltbp4,
insulin-like growth factor binding protein 2 (Igfbp2) and Cav2 was
also down-regulated (−2.6,−1.9,−1.6 and−1.6-fold, respectively)
(Table S6). Ttn (2.1-fold), Timp1 (1.8-fold) and Sost (1.5-fold) were
among the few genes that were differentially regulated at 24 h after
loading WT mice (Fig. 3A, Table S7).
In the tibiae of WT-OVX mice, the number of genes differentially
regulated by loading at 3, 8 and 12 h was lower than in the WT at the
equivalent time points (286 vs. 642, 129 vs. 341 and 129 vs. 171,
respectively) (Fig. 2). Whereas the differential response in the tibiae
of WT had reduced substantially by 24 h (to 24 genes) in WT-OVX,
this was the time of greatest differential response (722 genes).
Furthermore, in contrast to the response in WT tibia, the differentially
regulated genes in the WT-OVX tibiae were predominantly down-
regulated at each time point. Complete lists of differentially regulated
genes at all four time points after loading tibiae from WT-OVX
mice are posted (Table CL3) at the Royal Veterinary College website
(http://www.rvc.ac.uk/ﬁles/zaman2009microarraystudy).
In the tibiae from WT-OVX mice, loading-induced suppression of
Sost expression was achieved at an earlier time point in comparison
to the WT (−1.7-fold at 3 h) (Fig. 3B, Table S8). This situation was
then reversed at 8 h (1.5-fold) and the pattern of Sost expression at 12
and 24 h was similar to that seen inWTmice after loading (−1.5- and
1.3-fold, respectively). Irs1, Lrp1, Gdf2 and cluster of differentiation 38
(Cd38) were also down-regulated (−3.5,−1.8,−1.6 and−1.6-fold,
respectively). In common with the situation in the tibiae of WT mice,
Ttn expression in the tibiae of WT-OVX mice was up-regulated 1.8-
fold at 3 h after loading.
Irs1 and Cd38 expression continued to be suppressed at 8 h after
loading in tibiae from WT-OVX mice (−1.7-fold) while the suppres-
sion of Ttn was de-repressed resulting in higher expression of this
gene (Table S9). At 12 h, the expression of Dentin matrix protein 1
(Dmp1) expression was up-regulated (1.9-fold) while the expression
of a number of other genes was down-regulated in tibiae from these
WT-OVX mice including (Cav2, −1.7-fold) breast cancer anti-
estrogen resistance 3 (Bcar3, −1.9-fold), tumor necrosis factor
receptor superfamily member 7 (Tnfrsf7, −1.7-fold), Bcl2 associated
athanogene 3 (Bag3, −1.7-fold) and Ppargc1a (−1.6-fold) (Fig. 3B,
Table S10).
In tibiae from WT-OVX mice, the largest number of genes
differentially regulated in response to loading was at 24 h. The
number of down-regulated genes at this time was twice the number
up-regulated. The down-regulated genes included a number involved
in adhesion (Lim and senescent cell antigen-like domains 1 (Lims1,
−2.1-fold), Cd44 (−1.9-fold), Spp1 (−1.7-fold)), Wnt signaling
pathways (frizzled 5 (Fzd5, −1.6-fold), casein kinase II beta subunit
(Csnk1g,−1.8-fold) and Csnk2b (−1.5-fold)) and matrix mineraliza-
tion extracellular matrix protein 2 (Ecm2, −1.6-fold) and Mmp13
(−1.5-fold) (Fig. 3B, Table S11). However, both Lrp1 (1.9-fold) and
Lrp10 (1.5-fold) as well as a number of genes related to TGFβ (latent
transforming growth factor beta binding protein 1 (Ltbp1, 1.6-fold),
Ltbp3 (1.6-fold) and Ltbp4 (1.8-fold)) were up-regulated.
The time of greatest differential response to loading in tibiae of
WT-SN mice was at 3 h which is similar to that observed in WT mice
(Fig. 2). In common with WT-OVX mice, loading-related differential
gene expression in tibiae ofWT-SNmice was always lower than inWT
at each time point with the exception of 24 h after loading. At this timepoint, in common with the WT-OVX, the number of genes differen-
tially regulated by loadingwas larger than in tibiae ofWT. The up- and
down-regulated gene expression pattern in response to loading in
tibiae of WT-SN mice was similar to that observed in WT-OVX at the
earlier time points (3 and 8 h) and to WT at the later time points after
loading (12 and 24 h). Complete lists of differentially regulated genes
at all four time points after loading tibiae fromWT-SNmice are posted
(Table CL4) at the Royal Veterinary College website (http://www.rvc.
ac.uk/ﬁles/zaman2009microarraystudy).
In common with tibiae from WT and WT-OVX mice, in those from
WT-SN mice the largest change in loading-induced Ttn expression
was at 3 h (1.8-fold) (Fig. 3C, Table S12). Cell division cycle 7 (Cdc7)
gene expression was up-regulated 27-fold at this time, while the
expression ofMyf6 was markedly up-regulated in all four time points
after loading in tibiae from WT-SN mice (4.3-, 5.1-, 4.7- and 4.5-fold)
(Fig. 3C, Table S12-S15). The expression of Irs1was down-regulated in
all four sampling times after loading in these mice (−1.4,−2.6,−1.9
and−2.3-fold). Sost expression levels were not altered in response to
loading in tibiae from WT-SN mice at any of the four sampling time
points. Neurectomy seemed to be associated with up-regulation of a
large number of genes related to adhesion. Loading these mice did not
down-regulate the expression levels of these genes. On the contrary,
the expression level of one adhesion gene, Protocadherin beta 11
(Pcdhb11), was strongly up-regulated at 24 h after loading (21-fold).
Perhaps the most obvious effect of context on the number of genes
regulatedby loadingwas that in the tibiaeofERα−/−mice. In this group,
the number of genes differentially regulated by loadingwas far less than
in any of the other groups, 26 vs.WT 642 at 3 h, amaximumof 92 vs.WT
341 at 8 h and 5 vs.WT 24 at 24 h (Fig. 2). Complete lists of differentially
regulatedgenes at all three timepoints after loading tibiae fromERα−/−
mice are posted (Table CL5) at the Royal Veterinary College website
(http://www.rvc.ac.uk/ﬁles/zaman2009microarraystudy).
In common with tibiae fromWT, in the ERα−/−mice Sostwas up-
regulated (1.6-fold) at 3 h after loading (Fig. 3D, Table S16). However,
unlikeWT, in ERα−/−mice therewas no subsequent down-regulation
of Sost at the later time points analyzed (8 or 24 h) (Fig. 3D, Tables S17
and S18). Apart from 2.2-fold down-regulation at 8 h, Ttn expression
levels did not change markedly at 3 and 24 h after loading (1.3 and
−1.1-fold, respectively).
Loading-related differential expression of genes which are common to
loading in WT according to context
The analysis in Fig. 4 separates those genes differentially expressed
by loading into genes common to and different from those
differentially expressed in response to loading in the WT. Only 8% of
the genes differentially transcribed at 3, 8, 12 and 24 h after loading in
tibiae of WT-OVX animals were homologous to the differentially
transcribed genes at the equivalent time point after loading in WT
mice. At 3 h after loading 15% of WT-OVX (44/286), 23% of ERα−/−
(6/26) and 25% of WT-SN (55/219) respectively were homologous
to the differentially transcribed genes in WT animals at the same
time point.
Validation of microarray data
Validation of microarray data was carried out using quantitative
real-time RT-PCR on 16 target genes with β-actin as an internal
control. Target genes were selected based on interest and fold change
both in up- and down-regulation according to context or in response
to loading in different contexts. In all cases, the results from qRT-PCR
supported the ﬁndings from the microarray (Fig. 5).
Functional analysis of genes differentially regulated by loading according
to context
Since identiﬁcation of individual genes conveys little indication of
function, we compiled a list of genes differentially regulated according
to their role as part of complexes, pathways and biological networks
Fig. 4. The number of genes at each time point, in each context, that are differentially
regulated by loading that are common to the loading response in tibiae from WT mice.
Loading-induced differentially expressed genes in tibiae from WT-OVX, ERα−/− and
WT-SN mice are separated into those common to (black) and different from (white),
those regulated in the tibiae from WT mice at the equivalent time point after loading.
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identiﬁes the biological functions that are most signiﬁcant to the
differentially regulated genes. Fisher's exact test was used to calculate
a p-value determining the possibility that each biological function is
due to change alone. Fig. 6 shows the 15 functional categories that are
most signiﬁcantly over-represented (10−6bpN10−2 by Fischer's
exact test) in the list of genes differentially regulated in response to
loading and the number of genes in each category differently
expressed in WT mouse tibiae at 3 h after loading. These chosen
functions were then used as a template to analyze the changes in gene
expression in loaded tibiae from WT-OVX, ERα−/− and WT-SN mice
at all sampling points after loading.
In the tibiae of WT mice, with the exception of the functional
category “Apoptosis and Vitamin and Mineral Metabolism”, theFig. 5. Comparison of the fold change in regulation of 16 sample genes as assessed by the m
genes were selected based on interest and fold change in the microarray both in up- and dow
differentially expressed by context were selected fromWT-OVX mice vs. WT mice tibiae (Itg
mice tibiae (Ankrd1, Bnip3, Postn and Hist4h4). Genes differentially expressed by loading in
and 12 h time points (Sost). Genes differentially expressed by loading in WT-OVX mice tibia
loading in WT-SN mice tibiae was selected from 3 h time point (Myf6). Genes differentially e
and Pkm2).maximum change in gene expression in each functional category
occurs at 3 h after loading, and by 24 h the pattern of differential
expression has been reduced to almost nothing in all functional
groups. The loaded tibiae from WT-OVX mice show a similar level of
differential gene expression to that seen in the WT but the highest
level of differential expression occurs later; little change occurring at
3 h and a substantial change occurring at 24 h. In common with the
WT, the pattern of loading-induced differential gene expression in
each function in WT-SN tibiae was most pronounced at the 3 -h time
point after which it also declined in a similar manner to that seen in
theWT. However, the most prominent feature of these data is the low
level of differential gene expression in each of these functional
categories in the loaded tibiae of ERα−/− mice.
Canonical pathway analysis of genes transcriptionally regulated by
loading according to context
In tibiae from WT mice, the canonical pathways that showed the
most signiﬁcant differential regulation in response to loading at the
earliest sampling time (3 h) were in the pathways of pyruvate
metabolism, mitochondrial dysfunction, calcium-induced T lympho-
cyte apoptosis, glycolysis/gluconeogenesis, aryl hydrocarbon receptor
signaling and oxidative phosphorylation. The level of signiﬁcance of
differential regulation of each of these pathways was reduced at the
later sampling points. Using this set of canonical pathways as a
template, genes differentially regulated by loading at all sampling
time points in tibiae from WT, WT-OVX, ERα−/− and WT-SN mice
were processed using IPA (Fig. 7).
Differential regulation of the pathways involved in oxidative
phosphorylation, aryl hydrocarbon receptor signaling and calcium-
induced T cell apoptosis reached signiﬁcance only in WT loaded mice.
The pattern of response in tibiae from WT-OVX mice differed from
that in WT mice with only the glycolysis/gluconeogenesis pathway
reaching signiﬁcance at 3 and 12 h after loading. In ERα−/− mice,
none of the canonical pathways reached signiﬁcance at 3 h after
loading and only pyruvate metabolism, mitochondrial dysfunction
and glycolysis/gluconeogenesis pathways reached signiﬁcance at
8 h. In common with WT and in contrast with WT-OVX and ERα−/−,
WT-SN loaded tibiae achieved signiﬁcance in both the pyruvateicroarray and quantitative real-time RT-PCR with β-actin as an internal control. Target
n-regulation according to context or in response to loading in different contexts. Genes
a4, Esr1), ERα−/−mice vs. WT mice tibiae (Ppargc1a and Strn) and WT-SN mice vs. WT
WT mice tibiae were selected from 3 h (Ctgf, Postn, Timp and Ttn), 8 h (Bnip3 and Irs1)
e were selected from 3 h time point (Irs1⁎ and Sost⁎). Gene differentially expressed by
xpressed by loading in ERα−/−mice tibiae were selected from 8 h time point (Ndufa11
Fig. 6. Functional analysis of genes differentially expressed by loading in tibiae fromWT,WT-OVX, ERα−/− andWT-SNmicemapped into 1 of 15 functional groups using the Ingenuity
Pathway Analysis knowledge data base. The number of “focus” genes in each of these 15 functional categories that were most signiﬁcantly over-represented (10−5bpN10−2) are
shown for all four contexts.
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sampling point after loading. In tibiae from WT-SN mice, changes in
the glycolysis/gluconeogenesis pathway reached signiﬁcance at 8 and
12 h after loading.
Although establishing which canonical pathways show signiﬁcant
responses to loading in different contexts is useful, it is probably more
informative to look at the differential regulation of genes which
precipitate perturbations in these pathways. Mitochondrial dysfunc-
tion is signiﬁcantly regulated in response to loading in both WT and
ERα−/− tibiae but the commonality ends there. In tibiae from WTFig. 7. Canonical pathway analysis of genes differentially regulated by loading mouse tibiae
differentially regulated at the earliest sampling time (3 h) after loading ofWTmouse tibiae w
as a template, focus genes differentially regulated by loading at all sampling points in all four
in response to loading in each group of mice. A negative log value of 1.3 has only a 5% chanmice the genes associated with this pathway, coding for products
which catalyse the transfer of electrons in the inner mitochondrial
membrane, are all up-regulated (NADH dehydrogenase 1 alpha
subcomplex 4 (Ndufa4, 1.9-fold), Ndufa9 (1.9-fold), Ndufb9 (1.7-
fold), cytochrome C oxidase subunit VIIa polypeptide 1 (Cox7a1, 2.7-
fold), Cox7b (1.5-fold), Cox8b (1.8-fold) and ATP synthase subunit
alpha (Atp5a1, 1.6-fold)). In contrast, in tibiae from ERα−/− mice
loading down-regulated the expression of electron transport-related
genes (Ndufa11 (−1.7-fold), Ndufa12 (−1.7-fold) and oxoglutarate
dehydrogenase (Ogdh,−1.7-fold). Thus, while a single short period ofaccording to context. Canonical pathways that were most signiﬁcant to the focus genes
ere constructed using the IPA knowledge data base. Using this set of canonical pathways
contexts were processed to ﬁnd the degree to which these pathways were represented
ce of being generated by chance alone.
Table 2
Canonical signaling pathways signiﬁcantly perturbed in response to loading WT, WT-OVX, ERα−/− and WT-SN mouse tibia.
WT OVX ERα−/− SN
3 h
Pyruvate metabolism Glycolysis/gluconeogenesis Caveloar-mediated endocytosis Glycolysis/gluconeogenesis
Mitochondria dysfunction Propanoate metabolism Hepatic stellate cell adhesion Propanoate metabolism
Calcium-induced apoptosis Ephrin receptor Calcium
Glycolysis/gluconeogenesis Leukocyte extravasation Pyruvate metabolism
Aryl hydrocarbon receptor Fructose mannose metabolism
Oxidative phosphorylation Actin cytoskeleton
Pentose phosphate pathway
8 h
Ephrin receptor Nitric oxide Mitochondrial dysfunction Calcium
FMLP Ceramide Glycolysis/gluconeogenesis Glycolysis/gluconeogenesis









Complement system Glycolysis/gluconeogenesis N Glycolysis/gluconeogenesis
Regulation of actin-based mobility by Rho Inosital metabolism
Fructose and mannose metabolism
Glucose metabolism
24 h
Hepatic stellate cell activation IL-4 EGF Calcium
Pentose phosphate pathway Protein ubiquitination pathway Caveolar-mediated endocytosis Hepatic stellate cell activation





638 G. Zaman et al. / Bone 46 (2010) 628–642loading the tibiae of WT mice initiates a cascade of gene transcription
in preparation for increasing utilization of cellular energy, this is not
the case in tibiae from ERα−/−mice. In tibiae from WT mice, 9 of the
genes related to pyruvatemetabolism and glycolysis/gluconeogenesis
were up-regulated. These were (acylphosphatase 2 (Acyp2, 1.6-fold),
aldehyde dehydrogenase 9 family member A1 (Aldh9a1, 1.6-fold)),
dihydrolipamide 5-acetyltransferase (Dlat, 1.5-fold), fructose-1,6-
biphosphatase 2 (Fbp2, 1.9-fold), lactate dehydrogenase B (Ldhb,
2.1-fold), malate dehydrogenase 1 (Mdh1, 2.3-fold), pyruvate dehy-
drogenase alpha 1 (Pdha1, 1.7-fold), phosphoglucomutase 3 (Pgm3,
2.1-fold) and triosphosphate isomerise 1 (Tpi1, 1.5-fold). Three genes
were down-regulated (Acyp1, −1.7-fold), hydroxyacylglutathione
hydrolase (Hagh, −2.7-fold) and Ldhc (−1.7-fold) in response to
loading. The number of genes which were up or down-regulated in
the canonical pathways that reached signiﬁcance in response to
loading at each time point in each background is shown in Fig. 7.
The pathways shown in Fig. 7 are based on the template generated
by using the differentially regulated genes in response to loading WT
mice at 3 h after treatment. Tibiae from mice with different
background and sampled at different time points after loading
generated their own signiﬁcant canonical pathways (pb 0.05 using
the right-tailed Fisher's exact test). These signiﬁcant pathways for
each background and each time point are shown in Table 2.
Discussion
One of the remarkable features of bones' response to mechanical
loading is the short duration of loading required to modify bone
modeling and remodeling [22,36-41]. In the experiments reported
here, a single 30-s period of dynamic loading engendering strains of
physiological magnitude was sufﬁcient to initiate a cascade of events
culminating days later in measurable increase in bone formation. Oneexperimental advantage of this phenomenon is that it is possible to
follow the time course of events involved in the post-loading cascade
following a single stimulatory event. The shortness of the stimulatory
“pulse” is signiﬁcant in this context since it avoids the problemof trying
to identify a single sequence of post-loading events in a system which
has been exposed to and is responding to, either a single prolonged
period of stimulation or a series of separate periods of stimulation.
Previously documented efforts to determine the earliest cell
changes involved in the transduction of strain-related events into
cellular responses have identiﬁed almost immediate ﬂuxes in calcium
both within the cell and between the cell and its extra-cellular
environment [42,43]; rearrangements in the cells' cytoskeleton and
their attachments to the surrounding matrix [44,45]; the production
of prostanoids and nitric oxide (NO) [46-49]; and activation of ERK
signaling [11,12]. These changes occur within minutes of exposure to
the strain-related stimulus. Our study aimed to establish the pattern
of gene expression using microarray analysis in the 24 h following a
single loading-related osteogenic stimulus in four different contexts
each with established relevance to the loading-related response. The
contexts were normality (WT), estrogen deﬁciency (WT-OVX), disuse
(WT-SN) and the absence of ERα (ERα−/−). Each of the different
contexts was associated with a distinct pattern of gene expression in
which hundreds of genes were differentially expressed. The effects of
loading in these different contexts were similarly associated with
differential expression in hundreds of genes.
In none of the contexts we examined was there marked
differential regulation of the genes directly associated with the
immediate signaling events just referred to (prostaglandins, NO and
ERK) except those related to integrin signaling and caveolin. These
immediate signaling events primarily involve changes in the activity
of factors already present rather than their production through
transcriptional regulation of the relevant genes. Regulation of
639G. Zaman et al. / Bone 46 (2010) 628–642production presumably occurs over a longer time period and in most
cases follows, rather than is required for, changes in the activity of cell
signaling pathways. In these experiments, our earliest time point after
loading (3 h) was chosen to catch the earliest changes we expected in
gene regulation. The large differences in gene expression that we
observed at this time point suggest that this regulatory response was
well under way by this time and that an earlier time point would have
been desirable.
Estrogen deﬁciency is known to cause signiﬁcant bone loss in mice
as well as in humans [50,51]. In our present study, lack of estrogen
associated with ovariectomy (WT-OVX) was associated with an
increase in expression levels of mRNA for ERα, an estrogen receptor
subtype that plays an important role in bone biology. This is in
agreement with previous ﬁndings where a reduction in estrogen
levels brought on by OVX in rats [33] and menopause in women [52]
resulted in marked increases in ERα mRNA levels. This may be a
compensation mechanism as we [18] and others [33] have reported a
signiﬁcant decline in ERα protein levels in response to ovariectomy.
Seven pathways signiﬁcant to theWT-OVX context were identiﬁed
from the Ingenuity Pathways Analysis library. The most signiﬁcant of
these was the integrin signaling pathway. Importantly the expression
of alpha integrins associated with this pathway was down-regulated
by OVX thereby possibly compromising integrin mediated signaling.
Genes that mapped to the mitochondrial dysfunction and oxidative
phosphorylation pathways were all also down-regulated in WT-OVX.
This is particularly interesting in relation to the recently reported
relationship between bone and energy metabolism [53].
We previously reported not only that the osteogenic response to
loadingwas smaller in Korach-derived ERα−/−mice thanWT [14] but
that the osteoblast-like cells derived from these mice had a higher
basal level of NO which was not elevated further by mechanical strain
[54]. At the time that we made this observation we could offer no
explanation for it. Data from the current study suggest a possible
mechanism. The Korach-derived ERα−/− mice express a short
(46 kDa) form of ER produced by alternative splicing [55] which, it
has been suggested, may trigger rapid, non-genomic signal responses
[56]. Our microarray data analysis shows that the basal expression of
Strn, the gene for striatin is up-regulated by 10.7-fold in ERα−/−mice.
Striatin acts as amolecular anchor that localizes ERα to themembrane
caveolae and organizes an ERα-eNOS membrane signaling complex
for a rapid, non-genomic activation of eNOS [57]. Interestingly,
expression levels of Cav1, Cav2 and Cav3 are also up-regulated in
ERα−/−mice. Elevated expression levels of Strn and caveolins may be
responsible for the higher basal levels of NO reported in osteoblast-
like cells derived from ERα−/− mice, and this in turn may be
associated with a higher trabecular bone volume and bone mineral
density reported in these mice [58].
We have previously reported that mechanical loading in vivo
caused a small but positive effect on the expression of ERα protein on
the medial surface of the ulna where loading stimulates reversal from
bone resorption to formation [18]. Consistent with this ﬁnding, there
was a small loading-related increase in the expression of Esr1 mRNA
expression in tibiae from WT mice.
A possible relationship between the level of expression of genes
associated with oxidative phosphorylation and the bone mass
observed in WT-OVX and ERα−/− mice does not hold true in the
case of WT-SN mice. Here, neurectomy-induced bone loss occurs on a
background of increased expression of genes associated with
mitochondrial dysfunction and oxidative phosphorylation pathways.
Other studies have also implicated canonical Wnt/β-catenin signaling
in the regulation of bone mass [59,60]. Eight genes associated with
Wnt/β-catenin signaling were up-regulated in WT-SN mice, four of
which code for known inhibitors of the Wnt/β-catenin pathway
(Sfrp1, Sfrp4, Sfrp4 and Dkk3). Reduced signaling through the Wnt/β-
catenin pathway could be responsible for the reduced bone mass in
WT-SN mice [24]. Possibly as a compensatory mechanism in tibiaefromWT-SN mice, the expression of a number of growth factor genes
was up-regulated. A large number of genes involved in adhesion were
also up-regulated in tibiae from WT-SN mice. Although sciatic
neurectomy is a widely used model of disuse [61], it is known to
induce some degree of physiological stress, although probably less
than tail suspension, as well as reduced innervation of the neurecto-
mized limb [62]. It is possible therefore that the neurectomy-induced
changes in bone modeling/remodeling may not be due to unloading
alone.
Comparison of the gene expression proﬁle of the loaded and non-
loaded tibiae in WT mice revealed differential up-regulation of a
number of bone-speciﬁc genes. One of the genes markedly up-
regulated at 3 h after loadingwas osteopontin. Previous analysis of the
osteopontin gene revealed a mechanical stress response element(s)
within its promoter region [63]. The expression levels of this gene are
known to be mechanically responsive in osteocytes in vivo [64].
Although osteopontin is generally considered as a structural bone
protein linking bone cells to the bone extracellular matrix, it has also
been reported to stimulate cell activity through multiple receptors
linked to several signaling pathways that relate to its function in the
formation and remodeling of bone [65]. In contrast to WT mice,
osteopontin expression levels were only down-regulated by loading
in tibiae from WT-OVX mice and remained unchanged in tibiae from
WT-SN and ERα−/− mice at all time points after loading.
Periostin is an osteoblast-speciﬁc factor which has a role in cell
adhesion. Although it has not previously been implicated with bone
loading, Postn expression was up-regulated by loading in this study. It
has recently been reported that a periostin-like factor stimulated bone
formation in vivo possibly by recruitment and attachment of
osteoblast precursors [66] as well as by promoting osteoblast
proliferation and differentiation [67]. Periostin knockout mice have
low levels of trabecular bone [68]. Osteocrin expression was also
similarly up-regulated by loading. It is a bone-speciﬁc protein
secreted by RUNX2-positive osteoblasts and newly formed osteocytes
that modulate the osteoblast phenotype [69]. Its expression has been
reported in human osteoblasts at sites of bone remodeling [70].
Neither Postn nor Ostn expression levels were modulated by loading
in any of the contexts we examined except WT.
Expression levels of Sost, the gene for sclerostin, were modulated
by loading in tibiae from WT, WT-OVX and ERα−/− mice but not
those from WT-SN. In tibiae from WT and ERα−/− mice, Sost
expression levels were elevated to a similar extent at 3 h after
loading. This early up-regulation was reversed only in WT mice
leading to a 2-fold down-regulation whereas in ERα−/−its levels
remained above that of the non-loaded controls. In contrast toWT and
ERα−/− mice, Sost expression was down-regulated in WT-OVX mice
earlier after loading (3 h). In common with WT, in WT-OVX Sost
expression was also down-regulated at 12 h after loading. This down-
regulation of Sost by loading is in agreement with previous reports
where expression of sclerostinwas down-regulated by loading and up-
regulated by unloading [71-73]. TheWnt/β-catenin signaling pathway
is known to be important in regulating bone mass [74]. It has recently
been proposed that sclerostin, a protein which is almost osteocyte
speciﬁc, plays an essential role inmediating bone's response to loading
through antagonizingWnt/β-catenin signaling [75]. Thus, lower levels
of Sost/sclerostin expression would lead to enhanced Wnt/β-catenin
signaling resulting in a load-related osteogenic response. The lack of
down-regulation of Sost expression in tibiae from ERα−/− mice
indicates disruption in this potentially critical strain-related pathway.
In addition to the “usual suspects”, the microarray analysis
identiﬁed titin as one of the genes up-regulated in response to
loading. Titin is predominantly expressed in muscle where it is
involved with sarcomere assembly and more recently it has been
implicated in strain sensing in muscle cells [76]. In bone cells, titin
expression has been reported in monolayer cultures of MG-63,
osteoblast-like cells [77]. More recently, an in vivo study has shown
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comparison to osteoblasts in a 5- to 8-day-old mouse calvaria [78].
Dnali1, the gene coding for axonemal dynein light chain homolog,
showed the highest expression level at 3 h in response to loading (11-
fold) in tibiae from WT mice. However, its expression levels did not
change with loading in any of the other contexts. Dnali1 is
predominantly expressed in the testis but more recently its
expression has been described in other tissues (brain, ovary, kidney
and lung) [79]. The precise function of this protein is not known;
however, it is a potential candidate for immotile cilia syndrome [80].
One of the most signiﬁcant features of this microarray analysis is
the loading-related differential regulation of bioenergetic pathways. It
has recently been reported that in response to osteogenic stimuli,
osteoblasts switch over to oxidative phosphorylation for energy
generation [81]. Major contributors to oxidative phosphorylation are
the ﬁve complexes of the respiratory chain located on the inner
mitochondrial membrane. Canonical pathway analysis revealed that
in WT tibiae 10 genes linked to complex I, III, IV and V of the oxidative
phosphorylation pathway were up-regulated in response to loading.
Load also up-regulated 8 out of 10 genes associatedwith the glycolysis
pathway. Thus, the pathways involved in generating cellular energy
are up-regulated in response to loading in the WT and WT-OVX
context. Genes associated with Glycolysis were down-regulated
with loading in tibiae from ERα−/− and WT-SN mice. In common
with WT, pyruvate metabolism pathways associated genes were
down-regulated by loading after 3 h in WT-SN mice.
We and others have previously shown that mechanical strain
induces proliferation of osteoblast-like cells [82,83]. Cellular prolifer-
ation is governed by the cell cycle which in turn is controlled by the
relative levels of individual cyclin family members. Cyclin E2 is known
to promote the cell cycle progression through G1/S phase transition
[84]. Consistent with this, cyclin E2 expression was up-regulated in
response to loading. The deﬁning feature of S phase is replication of
the genome. Histones constitute half themass of chromatin and play a
crucial role in packaging of DNA required for this phase. The
synchronized biosynthesis of histones is also regulated by cyclin
E2-CDK2 [85]. Consistent with this ﬁnding the transcription of
mammalian core histone gene, H4, was up-regulated by loading in
WT mouse tibia.
In addition to activating signaling pathways leading to prolifera-
tion, pro-apoptotic gene expression was down-regulated and anti-
apoptotic gene expression was up-regulated at 8 h after loading in
tibiae from WT mice. This triple pronged response to a pulse of
loading would result in a higher number of osteoblasts per bone
surface leading load-induced osteogenesis.
With the exception of Sost, which was down-regulated at an
earlier time point than in the WT, loading the tibiae of WT-OVX mice
did not differentially regulate the expression of the bone-related
genes (Spp1, Ostn, Postn, Timp1, Timp2 and Ctgf) detected in the
loadedWTmice. Consistent with this lack of early response to loading,
the expression of osteopontin, Irs1, Gdf2, Lrp1, Lrp5 and Cd38 was
down-regulated. CD38−/− mice are known to display a marked
reduction in bone density [86]. This divergence in loading-related
response was further highlighted by the ﬁnding that in contrast to the
WT, in the WT-OVX loading did not induce an up-regulation of the
genes related to the Glycolysis pathway. On the contrary, they were
down-regulated by loading. Although these data argue for a blunted
osteogenic response to loading in WT-OVX, this is in contrast to the
study of Hagino et al. [87], which showed that ovariectomy did not
change bones' response to loading.
To the best of our knowledge, there are no other reports of a
microarray analysis after a brief bone loading session in vivo such as
that we report here. The most similar study is that reported by Xing et
al. [88] who used microarray to analyze global gene expression in
response to a number of periods of loading of the mouse tibia in four-
point bone bending. These authors extracted total RNA from themouse tibiae 24 h after the last loading period. Forty-four of the genes
differentially regulated by loading in all 4 backgrounds in our study
were also reported to be differentially regulated by Xing et al. Twenty-
three of these genes were homologues to the genes differentially
regulated over 24 h in WT loaded tibia in our study. These were
(procollagen-lysine (Plod2), pyruvate dehydrogenase, isozyme 4
(Pdk4), Timp4, ADP-ribosylation factor-like 6 (Arl6), receptor-like
tyrosine kinase (Ryk), mannose receptor, C type 2 (Mrc2), PTPRF
interacting protein-binding protein 1 (Ppﬁbp1), lysyl oxidase (lox),
Mmp23, sycoglycan beta (Sgcb), Tnn, Timp1, integral membrane
protein 2A (Itm2a), FK506-binding protein 9 (Fkbp9), vesicle docking
protein (Vdp), gap junction membrane protein alpha 1 (Gja1),
cathepsin D (Ctsd), ATmotif-binding factor (MAtbf1), integrin-binding
sialoprotein (Ibsp), matrilin 2 (Matn2), lipase (Lipc), 6330577ERik and
2610024B07Rik). In common with our study, none of the candidate
genes whose expression has been shown in other studies to be
regulated by mechanical loading were differentially regulated to a
signiﬁcant level in the study of Xing et al.
Recently, Zhang et al. [89] performed a microarray analysis where
joint loading was used to drive bone formation in mouse tibiae. In
common with Xing et al., multiple loading sessions were used over
three consecutive days and RNA extracted 1 h after the last loading
session. Seven of the 25 genes signiﬁcantly up-regulated in this study
were also up-regulated in WT loaded tibiae in our study. These were
mas-related gpr (Mrgpr), tissue inhibitor of metalloproteinase 1
(Timp1), thrombospondin (Thbs), procollagen type III alpha1 (Col3a1),
mast cell protease (Mmcp), matrilin 2 (Matn2) and proteoglycan 4
(Prg4). Since only some of the genes differentially regulated by
loading in this study were listed in their manuscript (50 out of 441
genes), it is difﬁcult to make an exact comparison between the
studies. However, signaling pathways generated in this studywhen all
the 441 loading-related genes were accounted for showed an overlap
with our current study. ECM remodelling, TGFβ and Wnt signaling
pathways were differentially regulated in both studies. Differences in
the loading response among the three studiesmay partly be due to the
three different types of loading regimens used (axial, four-point
bending and joint loading as well as single or multiple loading
sessions), different sampling compartments of bone used for RNA
extraction (cortical only or cortical and trabecular combined) and
different sampling time points after the last loading session.
In summary, a single short period of in vivo bone loading, which
stimulates an osteogenic response, results in up-regulation and down-
regulation in the levels of expression of hundreds of genes within the
bones' resident cells over the period from 3 to 24 h after loading. The
number and identity of the genes regulated by loading and the timing
of their regulation are substantially inﬂuenced by context (normal,
estrogen deﬁcient, lack of ERα or disuse). Many of the genes differ-
entially regulated within this early loading-related response are not
speciﬁc to bone but are primarily involved in energy metabolism, cell
adhesion and proliferation. In none of the contexts examined were
there any loading-induced changes in expression of the iconic
candidate mechano-sensitive genes such as IGFs, COX2 and NOS. In
the situation of estrogen deﬁciency caused by ovariectomy and lack of
normal functional loading following sciatic neurectomy, artiﬁcial
loading-induced changes in the expression of genes involved in
canonical signaling pathways were generally delayed compared with
those in similarly loaded tibiae in WT mice. In mice lacking ERα the
loading-related response in terms of gene regulation at all time points
was markedly smaller than in any of the other contexts investigated.
Acknowledgments
This work was supported by a programme grant from the
Wellcome Trust. We are grateful to Ken Korach for permission to
use the ERα−/− mouse and to Rosemary Suswillo and Jack Sisterson
for expert technical assistance.
641G. Zaman et al. / Bone 46 (2010) 628–642Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bone.2009.10.021.
References
[1] Frost HM. The mechanostat: a proposed pathogenic mechanism of osteoporoses
and the bone mass effects of mechanical and nonmechanical agents. Bone Miner
1987;2:73–85.
[2] Wolf J. Das Gesetz der Transformation der Knochen. Berlin: A Hirschwald [trans. P
Maquet & R Furlong as The Law of Bone Remodelling. Berlin: Springer, 1986] 1892.
[3] Cooper C, Barker DJ, Wickham C. Physical activity, muscle strength, and calcium
intake in fracture of the proximal femur in Britain. BMJ 1988;297:1443–6.
[4] Welten DC, Kemper HC, Post GB, Van Mechelen W, Twisk J, Lips P, et al. Weight-
bearing activity during youth is a more important factor for peak bone mass than
calcium intake. J Bone Miner Res 1994;9:1089–96.
[5] Pead MJ, Skerry TM, Lanyon LE. Direct transformation from quiescence to bone
formation in the adult periosteum following a single brief period of bone loading.
J Bone Miner Res 1988;3:647–56.
[6] Lanyon LE. Osteocytes, strain detection, bone modeling and remodeling. Calcif
Tissue Int 1993;53(Suppl 1):S102–6 discussion S106-S107.
[7] Greendale GA, Edelstein S, Barrett-Connor E. Endogenous sex steroids and bone
mineral density in older women and men: the Rancho Bernardo Study. J Bone
Miner Res 1997;12:1833–43.
[8] Khosla S, Melton 3rd LJ, Atkinson EJ, O'Fallon WM, Klee GG, Riggs BL. Relationship
of serum sex steroid levels and bone turnover markers with bone mineral density
in men and women: a key role for bioavailable estrogen. J Clin Endocrinol Metab
1998;83:2266–74.
[9] Slemenda CW, Longcope C, Zhou L, Hui SL, Peacock M, Johnston CC. Sex steroids
and bone mass in older men. Positive associations with serum estrogens and
negative associations with androgens. J Clin Invest 1997;100:1755–9.
[10] Riggs BL, Khosla S, Melton 3rd LJ. Sex steroids and the construction and
conservation of the adult skeleton. Endocr Rev 2002;23:279–302.
[11] Aguirre JI, Plotkin LI, Gortazar AR, Millan MM, O'Brien CA, Manolagas SC, et al. A
novel ligand-independent function of the estrogen receptor is essential for
osteocyte and osteoblast mechanotransduction. J Biol Chem 2007;282:25501–8.
[12] Jessop HL, Sjoberg M, Cheng MZ, Zaman G, Wheeler-Jones CP, Lanyon LE.
Mechanical strain and estrogen activate estrogen receptor alpha in bone cells.
J Bone Miner Res 2001;16:1045–55.
[13] Damien E, Price JS, Lanyon LE. The estrogen receptor's involvement in osteoblasts'
adaptive response to mechanical strain. J Bone Miner Res 1998;13:1275–82.
[14] Lee K, Jessop H, Suswillo R, Zaman G, Lanyon L. Endocrinology: bone adaptation
requires oestrogen receptor-alpha. Nature 2003;424:389.
[15] Remes T, Vaisanen SB,Mahonen A, Huuskonen J, Kroger H, Jurvelin JS, et al. Aerobic
exercise and bone mineral density in middle-aged Finnish men: a controlled
randomized trial with reference to androgen receptor, aromatase, and estrogen
receptor alpha gene polymorphisms small star, ﬁlled. Bone 2003;32:412–20.
[16] Suuriniemi M, Mahonen A, Kovanen V, Alen M, Lyytikainen A, Wang Q, et al.
Association between exercise and pubertal BMD is modulated by estrogen
receptor alpha genotype. J Bone Miner Res 2004;19:1758–65.
[17] Wang CL, Tang XY, Chen WQ, Su YX, Zhang CX, Chen YM. Association of estrogen
receptor alpha gene polymorphisms with bone mineral density in Chinese
women: a meta-analysis. Osteoporos Int 2007;18:295–305.
[18] Zaman G, Jessop HL, Muzylak M, De Souza RL, Pitsillides AA, Price JS, et al.
Osteocytes use estrogen receptor alpha to respond to strain but their ERalpha
content is regulated by estrogen. J Bone Miner Res 2006;21:1297–306.
[19] Lanyon L, Skerry T. Postmenopausal osteoporosis as a failure of bone's adaptation
to functional loading: a hypothesis. J Bone Miner Res 2001;16:1937–47.
[20] Lanyon L, Armstrong V, Ong D, Zaman G, Price J. Is estrogen receptor alpha key to
controlling bones' resistance to fracture? J Endocrinol 2004;182:183–91.
[21] Lubahn DB, Moyer JS, Golding TS, Couse JF, Korach KS, Smithies O. Alteration of
reproductive function but not prenatal sexual development after insertional
disruption of the mouse estrogen receptor gene. Proc Natl Acad Sci U S A 1993;90:
11162–6.
[22] De Souza RL, Matsuura M, Eckstein F, Rawlinson SC, Lanyon LE, Pitsillides AA. Non-
invasive axial loading of mouse tibiae increases cortical bone formation and
modiﬁes trabecular organization: a new model to study cortical and cancellous
compartments in a single loaded element. Bone 2005;37:810–8.
[23] Sugiyama T, Saxon LK, Zaman G, Moustafa A, Sunters A, Price JS, et al. Mechanical
loading enhances the anabolic effects of intermittent parathyroid hormone (1-34)
on trabecular and cortical bone in mice. Bone 2008;43:238–48.
[24] De Souza RL, Pitsillides AA, Lanyon LE, Skerry TM, Chenu C. Sympathetic nervous
system does not mediate the load-induced cortical new bone formation. J Bone
Miner Res 2005;20:2159–68.
[25] Sample SJ, Behan M, Smith L, Oldenhoff WE, Markel MD, Kalscheur VL, et al.
Functional adaptation to loading of a single bone is neuronally regulated and
involves multiple bones. J Bone Miner Res 2008;23:1372–81.
[26] Sugiyama T, Price JS, Lanyon LE. Functional adaptation to mechanical loading in
both cortical and cancellous bone is controlled locally and is conﬁned to the
loaded bones. Bone 2009, doi:10.1016/j.bone.2009.08.054.
[27] Petalidis L, Bhattacharyya S, Morris GA, Collins VP, Freeman TC, Lyons PA. Global
ampliﬁcation of mRNA by template-switching PCR: linearity and application to
microarray analysis. Nucleic Acids Res 2003;e142:31.[28] Smyth GK. limma: linear models for microarray data. In: gentleman R, Carey V,
Dudoit S, irizarry R, huber W, editors. Bioinformatics and Comutational biology
Solutions Using R and bioconductor. New York: Springer; 2005. p. 397–420.
[29] Smyth GK, Speed TP. Normalization of cDNA microarray data. Methods 2003;31:
265–73.
[30] Ritchie ME, Diyagama D, Neilson J, van Laar R, Dobrovic A, Holloway A, et al.
Empirical array quality weights in the analysis of microarray data. BMC
Bioinformatics 2006;7:261.
[31] Smyth GK. Linear models and empirical Bayes methods for assessing differential
expression in microarray experiments. Stat Appl Genet Mol Biol 2004;3 Article3.
[32] Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc, Ser B 1995;57:289–300.
[33] Hou NN, Zhu YM, Huang HF. The expression of estrogen receptor alpha and beta in
the intervention of different estrogens in rat bonemetabolism. Fen Zi Xi Bao Sheng
Wu Xue Bao 2006;39:289–96.
[34] Radel C, Rizzo V. Integrin mechanotransduction stimulates caveolin-1 phosphor-
ylation and recruitment of Csk to mediate actin reorganization. Am J Physiol Heart
Circ Physiol 2005;288:H936–45.
[35] Sedding DG, Hermsen J, Seay U, Eickelberg O, Kummer W, Schwencke C, et al.
Caveolin-1 facilitates mechanosensitive protein kinase B (Akt) signaling in vitro
and in vivo. Circ Res 2005;96:635–42.
[36] Rubin CT, Lanyon LE. Dynamic strain similarity in vertebrates; an alternative to
allometric limb bone scaling. J Theor Biol 1984;107:321–7.
[37] Inman CL, Warren GL, Hogan HA, Bloomﬁeld SA. Mechanical loading attenuates
bone loss due to immobilization and calcium deﬁciency. J Appl Physiol 1999;87:
189–95.
[38] Lee KC, Maxwell A, Lanyon LE. Validation of a technique for studying functional
adaptation of the mouse ulna in response to mechanical loading. Bone 2002;31:
407–12.
[39] Torrance AG, Mosley JR, Suswillo RF, Lanyon LE. Noninvasive loading of the rat
ulna in vivo induces a strain-related modeling response uncomplicated by trauma
or periostal pressure. Calcif Tissue Int 1994;54:241–7.
[40] Mosley JR, Lanyon LE. Strain rate as a controlling inﬂuence on adaptive modeling
in response to dynamic loading of the ulna in growing male rats. Bone 1998;23:
313–8.
[41] Srinivasan S, Ausk BJ, Poliachik SL, Warner SE, Richardson TS, Gross TS. Rest-
inserted loading rapidly ampliﬁes the response of bone to small increases in strain
and load cycles. J Appl Physiol 2007;102:1945–52.
[42] Rawlinson SC, Pitsillides AA, Lanyon LE. Involvement of different ion channels in
osteoblasts' and osteocytes' early responses to mechanical strain. Bone 1996;19:
609–14.
[43] Adachi T, Sato K, Tomita Y. Directional dependence of osteoblastic calcium
response to mechanical stimuli. Biomech Model Mechanobiol 2003;2:73–82.
[44] Katsumi A, Orr AW, Tzima E, Schwartz MA. Integrins in mechanotransduction.
J Biol Chem 2004;279:12001–4.
[45] Putnam AJ, Cunningham JJ, Pillemer BB, Mooney DJ. External mechanical strain
regulates membrane targeting of Rho GTPases by controlling microtubule
assembly. Am J Physiol Cell Physiol 2003;284:C627–39.
[46] Rawlinson SC, el-Haj AJ, Minter SL, Tavares IA, Bennett A, Lanyon LE. Loading-
related increases in prostaglandin production in cores of adult canine cancellous
bone in vitro: a role for prostacyclin in adaptive bone remodeling? J Bone Miner
Res 1991;6:1345–51.
[47] Li J, Burr DB, Turner CH. Suppression of prostaglandin synthesis with NS-398 has
different effects on endocortical and periosteal bone formation induced by
mechanical loading. Calcif Tissue Int 2002;70:320–9.
[48] Pitsillides AA, Rawlinson SC, Suswillo RF, Bourrin S, Zaman G, Lanyon LE.
Mechanical strain-induced NO production by bone cells: a possible role in
adaptive bone (re)modeling? FASEB J 1995;9:1614–22.
[49] Fox SW, Chambers TJ, Chow JW. Nitric oxide is an early mediator of the increase in
bone formation by mechanical stimulation. Am J Physiol 1996;270:E955–60.
[50] Lindsay R, Hart DM, Aitken JM, MacDonald EB, Anderson JB, Clarke AC. Long-term
prevention of postmenopausal osteoporosis by oestrogen. Evidence for an
increased bone mass after delayed onset of oestrogen treatment. Lancet 1976;1:
1038–41.
[51] Modder UI, Riggs BL, Spelsberg TC, Fraser DG, Atkinson EJ, Arnold R, et al. Dose-
response of estrogen on bone versus the uterus in ovariectomized mice. Eur J
Endocrinol 2004;151:503–10.
[52] Kosa JP, Balla B, Speer G, Kiss J, Borsy A, Podani J, et al. Effect of menopause on gene
expression pattern in bone tissue of nonosteoporotic women. Menopause
2009;16:367–77.
[53] Karsenty G. Convergence between bone and energy homeostases: leptin
regulation of bone mass. Cell Metab 2006;4:341–8.
[54] Jessop HL, Suswillo RF, Rawlinson SC, Zaman G, Lee K, Das-Gupta V, et al.
Osteoblast-like cells from estrogen receptor alpha knockout mice have deﬁcient
responses to mechanical strain. J Bone Miner Res 2004;19:938–46.
[55] Pendaries C, Darblade B, Rochaix P, Krust A, Chambon P, Korach KS, et al. The AF-1
activation-function of ERalpha may be dispensable to mediate the effect of
estradiol on endothelial NO production in mice. Proc Natl Acad Sci U S A 2002;99:
2205–10.
[56] Russell KS, HaynesMP, Sinha D, Clerisme E, Bender JR. Human vascular endothelial
cells contain membrane binding sites for estradiol, which mediate rapid
intracellular signaling. Proc Natl Acad Sci U S A 2000;97:5930–5.
[57] Lu Q, Pallas DC, Surks HK, Baur WE, Mendelsohn ME, Karas RH. Striatin assembles
a membrane signaling complex necessary for rapid, nongenomic activation of
endothelial NO synthase by estrogen receptor alpha. Proc Natl Acad Sci U S A
2004;101:17126–31.
642 G. Zaman et al. / Bone 46 (2010) 628–642[58] Callewaert F, Venken K, Ophoff J, De Gendt K, Torcasio A, van Lenthe GH, et al.
Differential regulation of bone and body composition in male mice with combined
inactivation of androgen and estrogen receptor-alpha. FASEB J 2009;23:232–40.
[59] Day TF, Guo X, Garrett-Beal L, Yang Y.Wnt/beta-catenin signaling inmesenchymal
progenitors controls osteoblast and chondrocyte differentiation during vertebrate
skeletogenesis. Dev Cell 2005;8:739–50.
[60] Kato M, Patel MS, Levasseur R, Lobov I, Chang BH, Glass 2nd DA, et al. Cbfa1-
independent decrease in osteoblast proliferation, osteopenia, and persistent
embryonic eye vascularization in mice deﬁcient in Lrp5, a Wnt coreceptor. J Cell
Biol 2002;157:303–14.
[61] Marenzana M, Chenu C. Sympathetic nervous system and bone adaptive response
to its mechanical environment. J Musculoskelet Neuronal Interact 2008;8:111–20.
[62] Burt-Pichat B, Lafage-Proust MH, Duboeuf F, Laroche N, Itzstein C, Vico L, et al.
Dramatic decrease of innervation density in bone after ovariectomy. Endocrinology
2005;146:503–10.
[63] Fujihara S, Yokozeki M, Oba Y, Higashibata Y, Nomura S, Moriyama K. Function and
regulation of osteopontin in response to mechanical stress. J Bone Miner Res
2006;21:956–64.
[64] Denhardt DT, NodaM, O'Regan AW, Pavlin D, Berman JS. Osteopontin as ameans to
cope with environmental insults: regulation of inﬂammation, tissue remodeling,
and cell survival. J Clin Invest 2001;107:1055–61.
[65] Sodek J, Ganss B, McKee MD. Osteopontin. Crit Rev Oral Biol Med 2000;11:
279–303.
[66] Horiuchi K, Amizuka N, Takeshita S, Takamatsu H, Katsuura M, Ozawa H, et al.
Identiﬁcation and characterization of a novel protein, periostin, with restricted
expression to periosteum and periodontal ligament and increased expression by
transforming growth factor beta. J Bone Miner Res 1999;14:1239–49.
[67] Zhu S, Barbe MF, Liu C, Hadjiargyrou M, Popoff SN, Rani S, et al. Periostin-like-
factor in osteogenesis. J Cell Physiol 2009;218:584–92.
[68] Rios H, Koushik SV,Wang H,Wang J, Zhou HM, Lindsley A, et al. Periostin null mice
exhibit dwarﬁsm, incisor enamel defects, and an early-onset periodontal disease-
like phenotype. Mol Cell Biol 2005;25:11131–44.
[69] Thomas G, Moffatt P, Salois P, Gaumond MH, Gingras R, Godin E, et al. Osteocrin, a
novel bone-speciﬁc secreted protein that modulates the osteoblast phenotype.
J Biol Chem 2003;278:50563–71.
[70] Bord S, Ireland DC, Moffatt P, Thomas GP, Compston JE. Characterization of
osteocrin expression in human bone. J Histochem Cytochem 2005;53:1181–7.
[71] Moustafa A, Sugiyama T, Saxon LK, Zaman G, Sunters A, Armstrong VJ, et al. The
mouse ﬁbula as a suitable bone for the study of functional adaptation to
mechanical loading. Bone 2009;44:930–5.
[72] Robling AG, Niziolek PJ, Baldridge LA, Condon KW, Allen MR, Alam I, et al.
Mechanical stimulation of bone in vivo reduces osteocyte expression of Sost/
sclerostin. J Biol Chem 2008;283:5866–75.
[73] Lin C, Jiang X, Dai Z, Guo X, Weng T, Wang J, et al. Sclerostin mediates bone
response to mechanical unloading via antagonizing Wnt/beta-catenin signaling.
J Bone Miner Res 2009;24:1651–61.[74] Gong Y, Slee RB, Fukai N, Rawadi G, Roman-Roman S, Reginato AM, et al. LDL
receptor-related protein 5 (LRP5) affects bone accrual and eye development. Cell
2001;107:513–23.
[75] Li X, Zhang Y, Kang H, Liu W, Liu P, Zhang J, et al. Sclerostin binds to LRP5/6 and
antagonizes canonical Wnt signaling. J Biol Chem 2005;280:19883–7.
[76] Puchner EM, Alexandrovich A, Kho AL, Hensen U, Schafer LV, Brandmeier B, et al.
Mechanoenzymatics of titin kinase. Proc Natl Acad Sci U S A 2008;105:13385–90.
[77] Qi J, Chi L, Labeit S, Banes AJ. Nuclear localization of the titin Z1Z2Zr domain
and role in regulating cell proliferation. Am J Physiol Cell Physiol 2008;295:
C975–85.
[78] Paic F, Igwe JC, Ravi N, Kronenberg MS, Franceschetti T, Harrington P, et al.
Identiﬁcation of differentially expressed genes between osteoblasts and osteo-
cytes. Bone 2009;45:682–92.
[79] Rashid S, Breckle R, Hupe M, Geisler S, Doerwald N, Neesen J. The murine Dnali1
gene encodes a ﬂagellar protein that interacts with the cytoplasmic dynein heavy
chain 1. Mol Reprod Dev 2006;73:784–94.
[80] Gingras D, White D, Garin J, Multigner L, Job D, Cosson J, et al. Puriﬁcation, cloning,
and sequence analysis of a Mr = 30,000 protein from sea urchin axonemes that is
important for sperm motility. Relationship of the protein to a dynein light chain.
J Biol Chem 1996;271:12807–13.
[81] Chen CT, Shih YR, Kuo TK, Lee OK, Wei YH. Coordinated changes of mitochondrial
biogenesis and antioxidant enzymes during osteogenic differentiation of human
mesenchymal stem cells. Stem Cells 2008;26:960–8.
[82] ChengMZ, Rawlinson SC, Pitsillides AA, ZamanG,Mohan S, Baylink DJ, et al. Human
osteoblasts' proliferative responses to strain and 17beta-estradiol are mediated by
the estrogen receptor and the receptor for insulin-like growth factor I. J BoneMiner
Res 2002;17:593–602.
[83] Boutahar N, Guignandon A, Vico L, Lafage-Proust MH. Mechanical strain on
osteoblasts activates autophosphorylation of focal adhesion kinase and proline-
rich tyrosine kinase 2 tyrosine sites involved in ERK activation. J Biol Chem
2004;279:30588–99.
[84] Sherr CJ. G1 phase progression: cycling on cue. Cell 1994;79:551–5.
[85] Zhao J. Coordination of DNA synthesis and histone gene expression during normal
cell cycle progression and after DNA damage. Cell Cycle 2004;3:695–7.
[86] Sun L, Iqbal J, Dolgilevich S, Yuen T,Wu XB, Moonga BS, et al. Disordered osteoclast
formation and function in a CD38 (ADP-ribosyl cyclase)-deﬁcient mouse
establishes an essential role for CD38 in bone resorption. FASEB J 2003;17:369–75.
[87] Hagino H, Raab DM, Kimmel DB, Akhter MP, Recker RR. Effect of ovariectomy on
bone response to in vivo external loading. J Bone Miner Res 1993;8:347–57.
[88] Xing W, Baylink D, Kesavan C, Hu Y, Kapoor S, Chadwick RB, et al. Global gene
expression analysis in the bones reveals involvement of several novel genes and
pathways in mediating an anabolic response of mechanical loading in mice. J Cell
Biochem 2005;96:1049–60.
[89] Zhang P, Turner CH, Yokota H. Joint loading-driven bone formation and signaling
pathways predicted from genome-wide expression proﬁles. Bone 2009;44:
989–98.
